The hybrid fillers of 1D multiwalled carbon nanotubes (MWNT) and 2D montmorillonite (MMT) have led to excellent physical and chemical properties in high performance elastomer nanocomposites. In this study, the hybridization of PDDA (polydiallyldimethylammonium chloride) functionalized MWNT (P-MWNT) and hydroxyl-functionalized MMT (H-MMT) was prepared by the electrostatic interaction between the positive charge on the MWNT and the negative charge on the MMT using a simple solution mixing process. Also, a styrene-butadiene rubber (SBR) nanocomposite containing the hybrid nanofillers was prepared to improve the dispersion of nanofillers with SBR latex. The SBR nanocomposites with the hybrid nanofillers exhibited outstanding mechanical properties including modulus, tensile strength, and elongation at break, due to the enhanced interfacial bonding with the elastomer matrix. Furthermore, the hybrid nanofillers in the SBR matrix showed superior thermal and electrical properties and gas barrier performance at low loadings. The synergistic effects of the SBR produced by the hybridized nanofillers will open up new opportunities for elastomer composites with high performance.
Introduction
Elastomers which have the ability to withstand large strain and exhibit high viscoelastic properties are widely applied in tires, impact bumpers, belts, and packaging. However, to meet the needs of industrial applications, elastomers were reinforced by adding various nanofillers because most neat elastomers were afflicted with low mechanical strength [1] [2] [3] . Generally, carbon black (CB) is added as a reinforcing filler in the elastomer industry [4] . However, the CB tends to form agglomerates in the elastomer matrix due to strong van der Waal forces, and this reduces their reinforcing performance in the elastomer composites [5] . To solve this problem, a lot of researches and efforts have concentrated on the development of high performance elastomer nanocomposites by the incorporation of nanofillers such as carbon nanotubes [6, 7] , layered silicate [8] [9] [10] [11] , graphene [12] , and calcium carbonate [13] [14] [15] . Also, because the properties of elastomer composites can be finely tuned by the nanofillers, the combination of nanofillers and elastomer matrices has also attracted significant scientific interest.
Among these nanofillers, carbon nanotubes (CNTs) and montmorillonite (MMT) have shown attractive fillers in tire tread compounds because they improve the tread grip and rolling resistance performance of the compound at low temperature [16, 17] . CNTs have high flexibility, low mass density, high tensile strength (150∼200 GPa), large aspect ratio, and high electrical (∼10 6 S/cm) and thermal conductivity (∼6,000 W/mK) [6, 7] . Also, montmorillonite (MMT), which are inexpensive and substantially available, make interesting reinforcing fillers due to large surface area and high aspect ratio of layered silicates. Furthermore, incorporating the hybrid nanofillers with two geometrically dissimilar nanomaterials as reinforcing fillers is more interesting in the elastomer matrix owing to its significant synergistic effects [18, 19] .
For example, Zhang et al. exhibited that the tensile strength of PVA (poly(vinyl alcohol)) composites containing CNTs-graphene hybrids (0.6 wt%) was 34% and 20% higher than those of nanocomposites with 0.6 wt% graphene and CNTs alone, respectively [20] . These reasons are that the fillers are uniformly codispersed by the formation of 2 International Journal of Polymer Science [21] . Also, Tang and coworkers announced a synergistic effect for CNTs/clay hybrid nanofillers due to the formation of a filler network in chitosan matrix [22] . Nevertheless, while the performance improvement of elastomer nanocomposites by the synergetic effects of two different nanofillers has been of great interest, few works have been reported on the synthesis and properties of the CNTs/MMT/elastomer hybrid system by latex mixing.
In the present study, we demonstrated the remarkable synergistic effect of CNTs/MMT hybrid nanofillers in elastomer matrix prepared by just simple solution mixing. These hybrid nanofillers were prepared with an electrostatically interacting assembly of polydiallyldimethylammonium chloride-(PDDA-) modified-MWNT (P-MWNT) and hydroxyl-functionalized exfoliated montmorillonite (H-MMT) by using a simple solution method. Furthermore, in this work, a master-batch of SBR was prepared to enhance the dispersion of the hybrid nanofillers in the styrene-butadienerubber (SBR) latex matrix. The latex mixing method is environmentally friendly and scalable and shows great opportunities for enhancing the performance of elastomer nanocomposites in various applications. The formation of a hybrid filler network was facilitated by the strong interaction between the P-MWNT and H-MMT in the elastomer matrix.
Furthermore, the interfacial interaction between the hybrid nanofillers and SBR was further enhanced by incorporating CNTs into the interfacial region. The resulting P-MWNT/H-MMT hybrid nanofillers exhibited remarkable synergetic effects which significantly enhanced the mechanical, thermal, and electrical properties of the elastomer nanocomposites.
Experimental Section
2.1. Materials. The matrix material was selected as styrene butadiene rubber (SBR 1500, Kumho Petrochemical Co. Ltd., Korea) consisting of styrene of 23% and butadiene of 77%. The carbon black (N-330, OCI Co. Ltd., Korea) and N-tert-butyl-benzothiazole sulfonamide (TBBS, Shangdong Shanxian chemical Co. Ltd., China) were used and zinc oxide (ZnO), stearic acid (S/A), and sulfur were purchased from Sigma-Aldrich. A multiwall carbon nanotube (MWNT) was supplied by Hanwha NanoTech (Korea) and montmorillonite clay (MMT and Cloisite 30A) was purchased from Southern Clay Products (Australia).
Preparation of Hybrid Nanomaterials.
The polydiallyldimethylammonium chloride-(PDDA-) modified-MWNT (P-MWNT) was synthesized by mixing PDDA (20 mg) and MWNT (20 mg) in N-methyl-2-pyrrolidone (NMP, 200 ml) under sonication. The ultrasonic treatment has been carried out for 1 h. Then the mixture was performed at 80 ∘ C for 24 h. For the preparation of the P-MWNT and H-MMT hybrid colloid, H-MMT exfoliated in water was added to the asprepared P-MWNT aqueous dispersion with the H-MMT and P-MWNT weight ratio of 1/1, followed by sonication for 30 min, resulting in a homogeneous mixture dispersion of H-MMT and P-MWNT.
Preparation of Elastomer Nanocomposites.
The hybrid nanomaterials/SBR nanocomposites were prepared by following standard procedures in Table 1 . First, the SBR latex (20 phr) with 5 phr (parts per hundred, rubber by weight) carbon black, H-MMT, P-MWNT, and hybrid nanomaterials H-MMT/P-MWNT were mixed by vigorous stirring for 24 h, respectively. During coagulation, butadiene-styrene-vinylpyridine rubber (VPR) was added to a small loading, and VPR not only plays a key role in the prevention of aggregation of H-MMT/P-MWNT but also acts as an interfacebridge between H-MMT/P-MWNT and SBR. The nanomaterials/SBR emulsion was then coagulated by a 1.0 phr sulfuric acid solution. The coagulated composites were washed with water until the pH of the filtered water reached 6∼7 and then dried in an oven at 50 ∘ C for 24 h. And then, the SBR 80 phr and carbon materials (5 phr)/SBR emulsion (20 phr) were mixed with 50 phr carbon black in Banbury mixer at a rotor speed of 60 rpm for mater batches. The additives and vulcanization agents were added at the end so that curing process of the mixture could be started. The compounds were placed in the aluminum mold and cured at 160 ∘ C for T 90 by rheometer under pressure. The formulations of the diver nanomaterials/SBR composites are summarized in Table 1 .
Characterization.
The morphology of MMT, MWNT, and H-MMT/P-MWNT was investigated using fieldemission scanning electron microscopy (FE-SEM) (Hitachi S4800) analyses. Also, scanning electron microscopy (SEM, JEOL JSM-6490LV) was used to observe the morphology of the fractured surface of elastomer nanocomposites. The specimens were fractured in liquid nitrogen and the cross surface of samples was coated by gold using a sputtering process. Tensile tests were carried out in an Instron tensile machine (Instron Co., UK) at crosshead speed of 300 mm/min. The dumbbell shape samples were 10 mm in thickness and 5 mm in width (ASTM D-412). At least four tests were carried out for each case. The O 2 permeability was measured with ASTM Standard E-96 and a Mocon model DL 100 instrument. The values of the O 2 transmission rate were obtained at 23 ∘ C. The fatigue properties of composites were characterized by using Demattia (UESHIMA, ASTM D-3479). The thermal conductivity was characterized by placing the probe on the sample surface using the thermal conductivity analyzer (QTM-500, ASTM E1461). The electrical resistance of these manufactured composites was examined by the two-probe method in the TERAOHM (MI2077, ASTM D257) at room temperature.
Results and Discussion
The overall process of the proposed fabrication of H-MMT/C-MWNT/elastomer composites is illustrated in Figure 1(a) . The H-MMT/C-MWNT hybrid nanomaterials were synthesized by mixing polydiallyldimethylammonium chloride-(PDDA-) modified-MWNT (P-MWNT) with hydroxyl-functionalized exfoliated montmorillonite (H-MMT). Then the elastomer nanocomposite using SBR latex with H-MMT/C-MWNT hybrids was synthesized by solution mixing method. Finally, various samples of SBR (80 phr) with 5 phr (parts per hundred, rubber by weight) CB (reference), H-MMT (MMT), P-MWNT (MWNT), and solution mixed H-MMT/P-MWNT (MMT-MWNT) in SBR latex (20 phr) were prepared, respectively. Additives and vulcanization agents were added at the end so that curing process of the mixture could be started (see details in Experimental Section). In Figure 1(b) , SEM images exhibited 2D ultrathin MMT sheets with a lateral dimension of more than 1 m, with morphologically irregular shapes. Figure 1(c) shows highly entangled and randomly organized CNT. Furthermore, it can be seen that the surface of the MMT layers adsorbs a large amount of MWNT in Figure 1(d) . The connection between the MWNT and the MMT sheets can be obviously observed, and the MWNTs were randomly distributed on the surface of MMT.
SBR nanocomposites with MMT/MWNT produced by latex mixing were prepared with different nanomaterials for comparison with SBR (reference). The cure characteristics based on the scorch time (t 40 ) and cure time (t 90 ) of different nanomaterial-filled elastomer vulcanizates are shown in Figure 2(a) . The values of the scorch and cure times of the MMT/MWNT/SBR composites are shorter than those of other elastomer composites due to strong interactions with the elastomer, which are especially strong with a nonpolar elastomer such as SBR [23] . A comparison of torque for SBR composites with different embedded fillers was showed in Figure 2 (b). The − (Δ torque) value (20.5 N⋅m) of the SBR nanocomposites with MMT/MWNT, the crosslink density of vulcanization, was meaningfully increased compared to those of the other fillers nanocomposites [2, 22] . This result indicates that the MMT/MWNT fillers resulted in stronger crosslinking with the SBR during vulcanization and supports the improved mechanical properties of the SBR nanocomposites shown in Figure 3 . The physical properties of the MMT/MWNT/SBR nanocomposites were examined, along with nanocomposites based on other embedded materials. Figure 3(a) shows the modulus and tensile strength of the SBR nanocomposites with different integrated nanomaterials. The modulus of the nanocomposites with MMT/MWNT showed an increase by as much as 23% and 43% relative to that of reference and MMT nanocomposites, respectively. This performance enhancement was due to the strong interfacial bonding and improved dispersion of the sheets within the elastomer matrix. SEM images of the fracture surfaces of the elastomer nanocomposites after tensile tests are shown in Figures 3(c)-3(f) . The SBR nanocomposite with MMT/MWNT exhibits roughened fractured surface, indicating the stronger interfacial adhesion between the MMT/MWNT and SBR matrix. The elongation at the break of the MMT/MWNT/SBR (375%) shows it has enhanced properties compared with those of MWNT/SBR (315%), shown in Table 2 . The increased reinforcement can be attributed to the large contact area between the MMT/MWNT and the elastomer matrix in the SBR composite, as well as the coagulation of the MMT/MWNT and SBR via surface functional groups, which enhanced the interfacial adhesion and restricted the motion of the elastomer segmental chains. The elastic modulus and toughness of the MMT/MWNT/SBR nanocomposite at 5 phr loading are much higher than those of other composites. This indicates that an applied mechanical load may transfer to MMT/MWNT through interfacial interactions [24] . The SEM images of the fracture elastomer composites are exhibited in Figures 3(c)-3(f) . The MMT/MWNT/SBR nanocomposites exhibit roughened fractured surface, indicating the stronger interfacial adhesion between MMT/MWNT and SBR matrix. Also, the MMT/MWNT nanomaterials dispersed in elastomer matrix are showed in SEM images.
International Journal of Polymer Science In Figure 4 (a), the fatigue properties of the SBR nanocomposites were measured after 2,000, 6,000, and 10,000 cycles. Fatigue crack growth ( / ) equation [23] :
where is the crack length, is the cycles, and is the tear energy. This equation means that fatigue crack growth is proportional to the tear energy, and (1) indicates that when tearing energy is decreased, fatigue life is increased. The MMT/MWNT sample exhibited a remarkable reduction in crack length, even after 10,000 cycles, and the fatigue crack growth of the MMT/MWNT (3.53) was decreased by over 142% compared to that of the MWNT/SBR (8.37). Furthermore, the fatigue life of the MMT/MWNT embedded SBR was longer than those of the MWNT composites in Figure 4 (b). The growth in the fatigue cracks of composites using MMT/MWNT decreased because the MMT/MWNT fillers were uniformly dispersed in the SBR, due to the formation of a segregated network with functional groups. Another reason explaining this improvement is the excluded volume created by the micrometer scale clay clusters, which form a segregated network of nanotubes.
The thermal and electrical conductivities of the elastomer composites with different embedded materials are showed in Figure 5 . The thermal conductivity of the MMT/MWNT composites at 5 phr loading in SBR is 0.3397 W/mK, which is much higher than those of the reference composites (0.3126) due to the outstanding dispersibility. Also, the electrical conductivity (19 KΩ) of the MMT/MWNT nanocomposites is one order of magnitude higher than those of the reference composites (612 KΩ) or the MMT composites (912 KΩ), as shown in Figure 5 (a). The intimate interfacial bonding between the MMT/MWNT and the elastomer matrix may be responsible for the superior thermal and electrical conductivities [25] . Furthermore, the fully exfoliated MMT/MWNT, and its good dispersion in the elastomer composites, enhanced the gas barrier performance of the composites. Low gas permeability can be produced by the formation of a tortuous path around the fillers in the elastomer composite, which can restrain the progression of gas molecules through the matrix. enhancement in barrier performance compared to the reference composites and a 27% enhancement compared to the MWNT/elastomer composites. This result may be attributed to the large sized MMT platelets and their good dispersion, produced by the mutual dispersion of the MWNT and MMT. The outstanding gas barrier behavior of the MMT/MWNT/elastomer composites is promising for applications such as tire inner liners and elastomer tubes. The MMT/MWNT nanomaterials homogeneously dispersed in the SBR matrix produced remarkable improvements in mechanical properties such as modulus, tensile strength, and fatigue properties, even at low loadings, and these results are ascribed to the enhanced interfacial bonding with the elastomer matrix. Moreover, the incorporation of the MMT/MWNT into the SBR matrix also significantly improved thermal, electrical, and gas permeability properties. Therefore, we can confirm that our approach suggests a fascinating new potential for scalable and commercial polymer engineering.
Conclusion
In summary, we integrated hybrid nanofillers into an elastomer matrix using a simple and versatile solution mixing process. Furthermore, a novel preparation approach to produce elastomer nanocomposites with SBR improved International Journal of Polymer Science 7 mechanical, thermal, and electrical properties and gas barrier performance was developed by improving the interfacial interactions between the hybrid nanomaterials. These results showed that the hybrid nanofillers were more effective than C/B, MWNT, and MMT fillers for producing elastomer composites by the extraordinary synergetic effects at low loading levels. The fabricated hybrid nanofiller and its applications as a novel networked reinforcement may open new opportunities for preparing high performance elastomer composites.
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